1. Introduction {#s0005}
===============

Melatonin is a powerful free radical scavenger with the desirable characteristics of a clinically-reliable antioxidant. It detoxifies oxygen-and nitrogen-based free radicals and oxidizing agents, including the highly toxic hydroxyl-and peroxynitrite radicals, initiating lipid peroxidation and neuronal injury [@bib1], [@bib2], [@bib3]. It was previously revealed that melatonin reduced brain injury and DNA damage after ischemic stroke in rodents [@bib4], [@bib5]. So far, the neuroprotective effect of melatonin has been linked mainly to its direct free radical scavenging and indirect antioxidant activities [@bib3].

Moreover, melatonin regulates cellular signaling pathways through receptor-dependent and independent mechanisms [@bib6], [@bib7], [@bib8]. Thus, it is expected that the downstream signaling molecules also contribute to the neuroprotective effects of melatonin. To date, several melatonin receptors have been characterized in mammalian cells; such as Gi protein-coupled metabotropic membrane receptors MT1 (Mel1a), MT2 (Mel1b), and nuclear binding sites ROR and RZR [@bib6]. Binding of melatonin to these receptors promotes several signaling processes via different Gi protein subtypes such as Gq/G11, Go, Gz, or G16 [@bib6], [@bib8], [@bib9], [@bib10]. It was reported that activation of Gi protein by melatonin, leads to the phosphorylation of extracellular signal--regulated kinases-1/2 (ERK1/2) and c-Jun N-terminal kinases (JNK) through increased activation of phospholipase C (PLC) and protein kinase C (PKC), especially in the case of elevated intracellular Ca^+2^ [@bib6], [@bib11], [@bib12]. Additionally, melatonin inhibits cAMP response element-binding protein (CREB) phosphorylation via deactivation of cAMP and protein kinase A (PKA) [@bib8], [@bib13].

It was reported that melatonin increases phosphorylation of Akt by the activation of phosphatidylinositol 3-kinase (PI3K) [@bib5], [@bib6], [@bib14], [@bib15]. Yet, the connection between these signaling molecules, especially PI3K/Akt phosphorylation by melatonin is not well understood in the aspect of melatonin\'s neuroprotective activity. PI3K/Akt mediated signaling is one of the most critical pathways in regulation of cellular survival, proliferation and metabolism in mammals [@bib16]. Indeed, Akt phosphorylation is elevated during brain ischemia, especially within the penumbra, possibly as a part of the endogenous protection mechanism [@bib17]. Furthermore, phosphorylated Akt levels are increased after growth factor [@bib18], [@bib19], [@bib20] and free radical scavenger treatments [@bib21]. Thus, PI3K/Akt pathway is targeted for the promotion of cell survival in the treatment of the neurodegenerative disorders [@bib17], [@bib22].

Akt is mainly regulated by phosphatidylinositol (3, 4, 5)- trisphosphate (PIP3) pathway and phosphorylation of Akt by PI3K can be inhibited by a potent PIP3 inhibitor, Wortmannin [@bib18]. In addition, Akt is also activated by several other pathways, including Ca^+2^/calmodulin dependent kinase and cAMP/ PKA complex, however this activation is not blocked by Wortmannin, suggesting PIP3 independent alternative mechanisms of Akt phosphorylation [@bib23].

Consequently, the neuroprotective effect of melatonin may not solely be restricted to its antioxidant property. Instead, it is surmised that the signaling pathways that melatonin activates may also contribute to its protective activities. Similarly, PI3K/Akt signaling emerges as a leading candidate with its role in cell metabolism and survival. Therefore, we hypothesized that increased Akt phosphorylation by melatonin administration is the major contributor to the neuroprotective effect of melatonin. To test this hypothesis, melatonin was administrated alone or in combination with an irreversible and specific PIP3/Akt inhibitor Wortmannin to animals subjected to 30 and 90 min of middle cerebral artery occlusion (MCAo). The present report provides evidence that PI3K/Akt inhibition reverses neuroprotective effect of melatonin 30 or 90 min after ischemic stroke and that Akt phosphorylation, preferably on the Thr308 site of the activation loop, via PDK1 mediates this neuroprotective effect. Furthermore, we investigated up-and down-stream components of PI3K/Akt signaling pathways and demonstrated that mTOR, PTEN, AMPKα, PDK1 and RSK1 were activated and 4E-BP1, GSK-3α/β, S6 ribosomal protein were decreased in melatonin treated animals. In conclusion, the data presented here help revealing the molecular mechanisms of melatonin\'s neuroprotective effect against ischemic stroke.

2. Materials and methods {#s0010}
========================

2.1. Animals {#s0015}
------------

Experiments were performed in accordance to National Institutes of Health (NIH) guidelines for the care and use of laboratory animals and approved by local government authorities (Istanbul Medipol University, Animal Research Ethics Committee). All animals were maintained under a constant 12-h light/dark cycle (lights on at 07:00 daily). A total of two sets of adult male C57BL/6j mice weighing 21--26 g were randomly assigned to one of four groups and treated with intraperitoneal (i.p.) delivery of (i) vehicle (50 μl isotonic saline/5% ethanol), (ii) melatonin (4 mg/kg, dissolved in 0.9% isotonic saline/5% ethanol), (iii) Wortmannin, and (iv) melatonin/Wortmannin immediately after reperfusion.

In the first set, mice were exposed to 30 min of focal cerebral ischemia (FCI) and 72 h reperfusion for the evaluation of disseminate ischemic injury in the striatum, and signaling pathway analysis (n=7 per group). The second group of mice was exposed to 90 min of FCI and 24 h reperfusion for the analysis of infarct development, brain swelling and IgG extravasation (n=7 per group).

2.2. Inhibition of the PI3K/Akt pathway {#s0020}
---------------------------------------

By means of a glass microelectrode with a tip outer diameter of 50 µm, 2 μl of either: *1)* 100% dimethyl sulfoxide (DMSO) or *2)* the PI3K/Akt inhibitor Wortmannin (0.1 mM; Sigma), dissolved in 100% DMSO, was carefully injected i.c.v. within 5̴min. After 30 min, animals were exposed to FCI [@bib18].

2.3. Transient focal cerebral ischemia {#s0025}
--------------------------------------

FCI was induced by middle cerebral artery occlusion (MCAo). Animals were anesthetized with 1% isoflurane (30% O~2~, 70% N~2~O). Body temperature was maintained between 36.5 and 37.0 °C using a feedback-controlled heating system. During the experiments, cerebral blood flow was measured using a laser Doppler flowmetry (LDF) with a flexible 0.5 mm fiber optic probe (Perimed), which was attached to the intact skull overlying the middle cerebral artery (MCA) territory (2 mm posterior/6 mm lateral from bregma). LDF changes were monitored up to 30 min after the onset of reperfusion. FCI was induced using an intraluminal filament technique [@bib5], [@bib19]. Briefly, a midline neck incision was made, and the left common and external carotid arteries were isolated and ligated. A microvascular clip (FE691, Aesculap) was temporarily placed on the internal carotid artery. A 8-0 nylon monofilament (Ethilon; Ethicon) coated with silicon resin (Xantopren; diameter of the coated thread: 180--190 µm) was introduced through a small incision into the common carotid artery and advanced 9 mm distal to the carotid bifurcation for MCAo. Either 30 min or 90 min after MCAo, reperfusion was initiated by withdrawal of the monofilament. Anesthesia was discontinued and animals were placed back into their cages. Twenty-four hours after 90 min of MCAo or 72 h after 30 min of MCAo, animals were deeply re-anesthetized and decapitated. Brains were removed, immediately frozen on dry ice and cut on a cryostat in 18 µm coronal sections and tissue samples were harvested from ischemic hemispheres.

2.4. Analysis of infarct volume and brain swelling {#s0030}
--------------------------------------------------

For the evaluation of infarct volume and brain swelling and IgG extravasation, coronal brain sections were collected at four equidistant brain levels, 2 mm apart, from mice exposed to 90 min MCAo, which were stained with cresyl violet according to a standard protocol. For each section, the border between infarcted and non-infarcted areas was outlined using ImageJ (National Institute of Health, Bethesda, MD, USA). Infarct area was calculated by subtracting the area of the non-infarcted ipsilateral hemisphere from that of the contralateral side. Infarct volume was calculated by integration of infarct areas. Edema, or brain swelling, was calculated as the volume difference between the ischemic and the non-ischemic hemispheres and presented as a percentage of the volume of the non-ischemic hemisphere.

2.5. Analysis of serum IgG extravasation {#s0035}
----------------------------------------

Brain sections at the level of bregma of mice exposed to 90 min MCAo, were rinsed for 10 min at room temperature in 0.1 M PBS to remove intravascular IgG, and were fixed in 4% PFA [@bib5]. Following the blocking of endogenous peroxidase with methanol/0.3% H~2~O~2~ and immersion in 0.1 M PBS containing 5% bovine serum albumin (BSA) and normal swine serum (1:1000), sections were incubated for 1 h in biotinylated goat anti-mouse IgG (sc-2013; Santa Cruz Biotechnology), and stained with an avidin peroxidase kit (Vectastain Elite; Vector Labs) and diaminobenzidine (Sigma). All sections were processed in parallel for standardization. Sections were scanned and IgG extravasation in the ischemic striatum and cortex was densitometrically analyzed. For correction of background staining, optical densities in corresponding contralateral non-ischemic tissue were subtracted from those in the ischemic tissue.

2.6. Analysis of DNA fragmentation/apoptosis {#s0040}
--------------------------------------------

For the evaluation of neuronal injury, coronal brain sections at the level of the bregma of mice exposed to 30 min MCAo were fixed with 4% paraformaldehyde (PFA)/0.1 M phosphate buffered saline (PBS) and were labeled using a TUNEL kit (In Situ Cell Death Detection Kit; Roche, Switzerland). Sections were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). Stainings were analyzed by quantifying DNA-fragmented cells (which in 30 min MCAo are equivalent to neurons) in twelve adjacent ROI in the striatum, each measuring 62,500 µm^2^, under a confocal microscope (LSM 780, Carl Zeiss, Jena, Germany).

2.7. Western blot and Planar Surface Immunoassay (PSI) {#s0045}
------------------------------------------------------

The western blotting was carried out -as described previously [@bib5]. Briefly, brain tissue samples were harvested from the ischemic striatum of mice exposed to 30 min MCAo. Tissue samples of the same group were pooled, homogenized, sonicated, and treated with protease inhibitor cocktail and phosphatase inhibitor cocktail. Total protein content was evaluated using Qubit 2.0 Fluorometer according to the manufacturer\'s protocol (Invitrogen, Life Technologies Corporation, Carlsbad, CA, USA). Equal amounts of protein (20 µg) were size-fractionated using any-kD Mini-Protean TGX gel electrophoresis and then transferred to a nitrocellulose membrane using the Trans-Blot TurboTransfer System (Bio-Rad, Life Sciences Research). Next, membranes were blocked in 5% nonfat milk in 50 mMol Tris-buffered saline containing 0.1% Tween (TBS-T; blocking solution) for 1 h at room temperature, were washed in 50 mMol TBS-T, and were incubated overnight with polyclonal rabbit anti-total Akt (9272; Cell Signaling), polyclonal rabbit anti-phosphorylated Akt (Thr308; 2965; Cell Signaling), rabbit anti-total p53 (9284; Cell Signaling), polyclonal rabbit anti-phosphorylated p53 (Ser15; 9284; Cell Signaling), antibody (all 1:1000). The next day, membranes were washed with 50 mM TBS-T and were incubated with horseradish peroxidase-conjugated goat-anti rabbit (31460; Thermo Scientific) antibody (1:2500) for 1 h at room temperature. Each blot was performed in 3 or more replicates. Protein loading was controlled with polyclonal rabbit anti-β-actin antibody (4967; Cell Signaling Technology). Blots were developed using Clarity Western ECL Substrate kit (Bio-Rad; Life Sciences Research) and visualized using the ChemiDoc MP System (Bio-Rad; Life Sciences Research). Blot intensities were analyzed densitometrically using ImageJ. Protein levels were normalized to the β-actin levels and were presented as percentage of the vehicle treated mice.

For in depth analysis of the Akt signaling pathway, planar surface immunoassay (PSI; PathScan Akt Signaling Antibody Array Kit, 9474; Cell Signaling) was used according to the manufacturer\'s instructions. PSI allows the simultaneous detection of 16 phosphorylated proteins predominantly belonging to the Akt signaling pathways. Each well in the glass slide was blocked by array blocking buffer for 15 min at room temperature. Next, equal amount of protein (75 µg) was loaded to each well and incubated for overnight at 4 °C on an orbital shaker. The next day, wells were washed with array wash buffer, were incubated in Detection Antibody Cocktail for 1 h at room temperature. -Next, the slide was incubated with horseradish peroxidase-linked streptavidin for 30 min at room temperature. The plates were then covered with LumiGLO/Peroxide reagent and were visualized using the ChemiDoc MP System (Bio-Rad; Life Sciences Research). Protein levels were analyzed densitometrically using ImageJ. The values were normalized via the positive and negative controls on array slides. Four repeated PSI were performed.

3. Statistical analyses {#s0050}
=======================

A standard software package (SPSS 18 for Windows; SPSS Inc., Chicago, IL, USA) was used for statistical analysis. All values were presented as mean ±S.E.M. Statistical significance was analyzed by one-way ANOVA, followed by LSD tests. P values \<0.05 were considered statistically significant. The n indicate the number of animals analyzed per group.

4. Results {#s0055}
==========

4.1. Inhibition of PI3K attenuates melatonin\'s protective effect against ischemic injury {#s0060}
-----------------------------------------------------------------------------------------

To clarify the role of the PI3K/Akt pathway in melatonin\'s neuroprotection, we first examined neuronal damage following PI3K/Akt inhibition with Wortmannin in vehicle and melatonin treated mice subjected to transient FCI. Wortmannin was chosen as it is a potent, specific, noncompetitive and irreversible inhibitor of PI3K/Akt, without blocking PI4 kinase, protein kinase C or protein tyrosine kinase [@bib24], [@bib25]. FCI was induced by either 30 min or 90 min middle cerebral artery occlusion (MCAo). 30 min of MCAo induced disseminate neuronal injury in the striatum without causing cellular necrosis and brain edema. Thus, it is suited for the analysis of cell-signaling. In contrast, extensive necrotic tissue damage and edema were observed following 90 min of MCAo ([Fig. 1](#f0005){ref-type="fig"}).Fig. 1The PI3K/Akt pathway mediates neuroprotective effect of melatonin after 90 min of MCAo. (A) Laser Doppler flow (LDF) recordings during and after 90 min of MCA occlusions. (B) Infarct volume and (C) Brain swelling was assessed using cresyl violet--stained brain sections, analyzed 24 h after ischemic-stroke onset. (D) Blood-brain barrier (BBB) integrity was evaluated by serum IgG extravasation on the ischemic striatum and overlying cortex. Data are mean ±SEM (n=7 mice/group). \*\*p\<0.01/\*p\<0.05 compared to vehicle, ^§^p\<0.05 compared to melatonin treated group. Bar, 2 mm.Fig. 1

LDF measurements during ischemia did not reveal differences in cerebral blood flow differences among the vehicle, melatonin, Wortmannin and melatonin/Wortmannin treated groups ([Fig. 1](#f0005){ref-type="fig"}A; [4](#f0020){ref-type="fig"}A). Yet, PI3K/Akt inhibition with Wortmannin reversed melatonin\'s neuroprotection when the infarct volumes were compared ([Fig. 1](#f0005){ref-type="fig"}B). Interestingly, neither brain swelling ([Fig. 1](#f0005){ref-type="fig"}C) nor blood-brain barrier (BBB) leakage that was measured by IgG extravasation ([Fig. 1](#f0005){ref-type="fig"}D) were different between melatonin and melatonin/Wortmannin treated animals, while solely Wortmannin treated animals had the least swollen brains and the minimum IgG extravasation ([Fig. 1](#f0005){ref-type="fig"}C--D). This effect may be due to a melatonin independent role of Akt phosphorylation in BBB leakage after ischemic-stroke. It also indicates that activation of Akt may be responsible for the BBB leakage after ischemic stroke.

4.2. Modulation of PI3K/Akt pathway components by melatonin {#s0065}
-----------------------------------------------------------

PI3K/Akt signaling pathway is composed of a number of signal transduction molecules, including mechanistic target of rapamycin (mTOR), phosphatase and tensin homolog (PTEN), AMP-activated protein kinase α (AMPKα), pyruvate dehydrogenase kinase-1 (PDK-1), 90 kDa ribosomal S6 kinase-1 (RSK1), eukaryotic translation initiation factor 4E-binding protein-1 (4E-BP1), glycogen synthase kinase-3α/β (GSK-3α/β), S6 ribosomal proteins, extracellular signal--regulated kinases (ERK-1/2), Bcl-2-associated death promoter (Bad) and protein 53 (p53). These molecules have crucial roles in cell-metabolism, function, death and survival. In order to investigate how melatonin regulates PI3K/Akt signaling pathway, we evaluated the phosphorylation states of these proteins in the brains of animals, which were submitted to 30 min of MCAo and 72 h reperfusion.

Akt can be phosphorylated at Thr308 and Ser473 [@bib23]. For the full activation of Akt, phosphorylation of both sites is required. Phosphorylation of Thr308 activates PI3K/Akt pathway to a significant extend, while Ser473 phosphorylation alone has a minor effect on Akt activation [@bib23]. We observed that both of these sites were phosphorylated after melatonin treatment. However, only Thr308 phosphorylation levels were significantly altered by melatonin and this increase in Akt phosphorylation was reversed by Wortmannin ([Figs. 2](#f0010){ref-type="fig"}A--B; [3](#f0015){ref-type="fig"}A).Fig. 2Effect of melatonin on intracellular PI3K/Akt signaling pathway after 30 min of MCA occlusion. PI3K/Akt signaling was evaluated using a planar surface immunoassay tool from tissue samples collected 72 h after 30 min MCA occlusion. (A) p-Akt (Thr308), (B) p-Akt(Ser373), (C) p-PTEN (Ser380), (D) p-mTOR (Ser2481), (E) p-AMPKα (Thr172), (F) p-RSK1 (Thr421/Ser424), (G) p-PDK1 (Ser241), (H) p-PRAS40 (Thr246), (I) p-GSK-3α (Ser21), (J) p-GSK-3β (Ser9), (K) p-rpS6 (Ser235/236), (L) p-4E-BP1 (Thr37/46), (M) p-ERK-1/−2 (Thr202/Tyr204), (N) p-Bad (Ser112). Data are mean ±SEM (n=7 mice/group). \*\*p\<0.01/\*p\<0.05 compared to vehicle, ^§§^p\<0.01/^§^p\<0.05 compared to melatonin, ^&&^p\<0.01/^&^p\<0.05 compared to Wortmannin treated group.Fig. 2

To elucidate whether Akt phosphorylation was due to activation of PIP3 pathway, we further analyzed the molecules upstream and downstream of Akt. Increased phosphorylation of PDK-1, an upstream regulator of Akt phosphorylation, was observed in melatonin treated animals ([Fig. 2](#f0010){ref-type="fig"}G). Furthermore, increased levels of activated PTEN ([Fig. 2](#f0010){ref-type="fig"}C), RSK-1 ([Fig. 2](#f0010){ref-type="fig"}F), mTOR ([Fig. 2](#f0010){ref-type="fig"}D) and AMPKα kinases ([Fig. 2](#f0010){ref-type="fig"}E) were detected in melatonin treated animals. ERK-1/2 phosphorylation ([Fig. 2](#f0010){ref-type="fig"}M) and Bad phosphorylation ([Fig. 2](#f0010){ref-type="fig"}N) were mildly inhibited, while phosphorylations of S6 Ribosomal Protein ([Fig. 2](#f0010){ref-type="fig"}K), 4E-BP1 ([Fig. 2](#f0010){ref-type="fig"}L), GSK-3α and GSK-3β ([Fig. 2](#f0010){ref-type="fig"}I, J) were significantly inhibited. Finally, PRAS40 ([Fig. 2](#f0010){ref-type="fig"}H) phosphorylation was slightly increased. In conclusion, melanin treatment altered the components of the PI3K/Akt signaling pathway, resulting in phosphorylation of Akt at Thr308. Additionally, Wortmannin inhibited melatonin\'s regulatory effects on several of these proteins.

4.3. Reduced p53 phosphorylation results in neuronal survival after melatonin treatment {#s0070}
---------------------------------------------------------------------------------------

Phosphorylation of PI3K/Akt pathway stabilizes mitochondrial function under hypoxic conditions and protects neurons via the activation of Bcl-X~L~ and inhibition of caspase-3 and p53 [@bib18], [@bib26]. In agreement with that, number of apoptotic neurons were significantly decreased in melatonin treated animals ([Fig. 4](#f0020){ref-type="fig"}B). Moreover, this decrease in apoptosis was reversed by Wortmannin, suggesting that melatonin\'s pro-survival effect is mediated through the PI3K/Akt pathway ([Fig. 4](#f0020){ref-type="fig"}B).

Phosphorylation of p53 is inhibited by Akt and mTOR signaling [@bib27] and p53 is also implicated as a mediator of neuronal injury after ischemic stroke [@bib28], [@bib29], [@bib30], Hence, we wanted to test whether melatonin decreased apoptosis by inhibiting the phosphorylation of p53. Western blot analysis showed that p53 phosphorylation was decreased significantly in melatonin treated animals after FCI and Wortmannin abolished this effect ([Fig. 3](#f0015){ref-type="fig"}B). Taken together, these observations suggest that melatonin prevents neuronal apoptosis by inhibiting p53 phosphorylation through the Pi3K/Akt pathway ([Fig. 5](#f0025){ref-type="fig"}).Fig. 3Effect of melatonin treatment on phosphorylation of PI3K/Akt and p53, 72 h after 30 min of MCA occlusion. Melatonin (A) significantly increased the phosphorylation of Akt and (B) decreased the phosphorylation of p53 after MCA occlusion. Inhibition of PI3K/Akt with Wortmannin significantly decreased the phosphorylation of Akt. Data are mean ±SEM (n=7 mice/group). \*\*p\<0.01/\*p\<0.05 compared to vehicle, ^§§^p\<0.01/^§^p\<0.05 compared to melatonin treated group.Fig. 3

5. Discussion {#s0075}
=============

In a previous study, we demonstrated for the first time that melatonin activated Akt phosphorylation following FCI in mice [@bib14], which was later shown in various tissues, including brain [@bib4], [@bib5], [@bib15], seminiferous tubules [@bib31] as well as in cancer cells [@bib32]. Melatonin-induced apoptosis of cancer cells is intervened by Pi3K/Akt pathway [@bib32]. Thus, PI3K/Akt pathway may also directly contribute to melatonin\'s neuroprotective effect or increased PI3K/Akt phosphorylation may simply be a collateral consequence of melatonin treatment after FCI. To clarify how PI3K/Akt pathway contributes to melatonin\'s neuroprotective effect, we evaluated (i) the significance of Akt signaling in the neuroprotective activity of melatonin and (ii) the effect of melatonin on the molecules both upstream-and downstream of Akt. To this end, C57Bl6/j mice were submitted to 30 or 90 min of intraluminal MCAo. The infarct volume, brain swelling, DNA fragmentation and BBB leakage were evaluated. PI3K/Akt signaling pathway components were evaluated by Western blot and planar surface immunoassay, after 30 min of MCAo, which is a well-accepted animal model for the analysis of cellular signaling, due to presence of only disseminate neuronal injury in the striatum without necrotic tissue and brain edema. Wortmannin was used to investigate the contribution of PI3K/Akt signaling to the melatonin\'s neuroprotective effect in vivo due to its potent, specific, noncompetitive and irreversible inhibitory effect on PI3K/Akt [@bib24], [@bib25].

Here, we demonstrated that the PI3K/Akt pathway mediated melatonin\'s neuroprotective activity. In line with this, infarct volume and the number of apoptotic cells were also decreased by melatonin treatment, after 90 and 30 min of MCAo, respectively. Moreover, inhibition of PI3K/Akt signaling reversed the beneficial effects of melatonin. As expected, even though not significant, the number of apoptotic cells was slightly increased after the inhibition of Akt pathway without melatonin treatment. However, infarct volume was not increased by Wortmannin treatment after 90 min of MCAo, which results in a significant amount of necrosis. Therefore, it is tempting to speculate that the inhibition of Akt signaling diminishes brain edema and IgG extravasation.

In agreement with the recent experimental data indicating increased Akt phosphorylation by melatonin in the ischemic brain [@bib14], we also observed that melatonin stimulated Akt phosphorylation after FCI. PI3K/Akt pathway mediates neuroprotective effects of several growth factors, including vascular endothelial growth factor (VEGF) [@bib18], erythropoietin [@bib20], brain-derived neurotrophic factor (BDNF), and insulin-like growth factor 1 (IGF1) [@bib17]. Furthermore, PI3K/Akt phosphorylation is increased in superoxide dismutase 1 (SOD1) and glutathione peroxidase (GPX) transgenic animals after FCI or exposure to oxidative stress [@bib33], [@bib34]. Similarly, treatment with another free radical scavenger agent, NXY-059, attenuates the decrease in PI3K/Akt after ischemic-stroke [@bib35]. Taken together, these observations point to the significant role that PI3K/Akt pathway plays in the protective effect of free radical scavenger agents, especially under oxidative-stress conditions. Moreover, phosphorylation of PI3K/Akt pathway stabilizes mitochondrial function under hypoxic conditions and protects neurons via activation of Bcl-X~L~ and inhibition of caspase-3 and p53 [@bib18], [@bib26]. Consistently, we observed decreased phosphorylated p53 levels accompanying reduction in apoptosis with melatonin treatment after FCI. Reversal of melatonin\'s effects by Wortmannin indicated the involvement of PI3K/Akt signaling.

Our detailed signaling pathway analyses further demonstrated the components of PI3K/Akt pathway that were under the regulation of melatonin ([Fig. 5](#f0025){ref-type="fig"}). Akt is a downstream target of PI3K which regulates cellular survival, cell proliferation and protein synthesis in response to various extracellular stimuli [@bib23], [@bib36]. Akt is activated by two site-specific phosphorylations at Thr308 and Ser473 [@bib16]. Its upstream kinase PDK1 phosphorylates Akt on Thr308 within its activation loop [@bib23]. For the maximum activation of Akt, Ser473 is phosphorylated possibly by autophosphorylation or by mTOR signaling [@bib37]. In accordance with this mechanism of activation of Akt, we observed that melatonin promoted phosphorylation of both Thr308 and Ser473. However, only the Thr308 phosphorylation was increased statistically significantly as analyzed by both Planar Surface Immunoassay and Western blot. PTEN is a major negative regulator of Akt signaling and catalyzes the dephosphoylation of PIP3 [@bib22]. Interestingly, PDK1, mTOR and PTEN were all activated in the melatonin treated animals. Moreover, Wortmannin treatment decreased activated Akt (Thr308) and PDK1, indicating direct activation of Akt phosphorylation through Thr308 phosphorylation via IP3/PDK1 signaling. While Akt (p-Ser473), PTEN and mTOR phosphorylation was not inhibited by Wortmannin.

Additionally, we observed that melatonin activated AMPKα and RSK1 in an IP3 independent manner following FIC. AMPK responds to intracellular energy level changes. It is activated by decreased ATP levels or by ERK-1/2 phosphorylation and stimulates the catabolic pathways such as fatty acid oxidation to generate ATP. AMPK is also activated indirectly by increased anabolic activity of Akt, resulting in elevated energy consumption [@bib27]. In contrast to Akt, AMPKα inhibits anabolic activity, indicating an interactive mechanism between Akt and AMPKα [@bib38]. Therefore, melatonin may activate alternative collateral survival pathways through AMPKα phosphorylation. Activated AMPKα can drive the cell to a catabolic state that utilizes alternative energy sources, such as fatty acid oxidation, in order to supply ATP for the increased energy demand during ischemic stroke.

RSK1 promotes cell survival via inactivation of several pro-apoptotic molecules [@bib39]. It is activated primarily by Erk1/2 [@bib39] but may also be activated by PDK1 [@bib40]. In our present study, although RSK1 was activated, ERK-1/2 was not activated. Thus, it is likely that melatonin promotes phosphorylation of RSK1 via elevated phosphorylation of PDK1.

In addition, we observed reduced phosphorylation of GSK-3α and GSK-3β, in melatonin treated animals following FIC. Consistently, GSK-3α, GSK-3β are deactivated by Akt and RSK1 phosphorylation [@bib39], [@bib41]. Moreover, overexpression of catalytically active GSK-3 promotes apoptotic cell death, while dominant-negative GSK-3 prevents apoptosis [@bib41]. mTOR, a central regulator of cell metabolism, growth, proliferation and survival [@bib36], deactivates 4E-BP1 [@bib42]. Active 4e-BP1 levels were decreased in our observations. Furthermore, phosphorylation of GSK-3α, GSK-3β and 4E-BP1 were increased by Wortmannin.

S6 Ribosomal Protein is activated by mTOR [@bib43]. Yet, melatonin treatment decreased phosphorylation of S6 Ribosomal Protein following FIC. Moreover, this decrease was not reversed by Wortmannin treatment. In addition, PRAS40 phosphorylation was increased while ERK-1/2 and Bad phosphorylation were decreased slightly after melatonin treatment following FCI.

In conclusion, phosphorylation of p53 protein was decreased in melatonin treated animals after FCI. This effect was reversed by Wortmannin. The tumor-suppressor transcription factor p53 is implicated as a mediator of neuronal injury after ischemic-stroke [@bib28], [@bib29], [@bib30]. Its phosphorylation can be activated by extrinsic and intrinsic stress signals, including hypoxia, and phosphorylation of p53 is inhibited by Akt and mTOR signaling [@bib27]. Thus, our observations suggest that melatonin acts through the PI3K/Akt pathway to inhibit p53 phosphorylation which results in increased neuronal survival ([Figs. 4](#f0020){ref-type="fig"} and [5](#f0025){ref-type="fig"}).Fig. 4The PI3K/Akt pathway mediates neuroprotective effect of melatonin after 30 min of MCAo. (A) LDF recordings during and after 30 min of MCA occlusions. (B) DNA fragmentation assessed by TUNEL staining, and analyzed 72 h after 30 min of MCA occlusion. Note that the number of TUNEL+(i.e., DNA-fragmented) cells is significantly decreased by melatonin treatment, which is reversed by PI3K/Akt inhibition by Wortmannin. Data are mean ±SEM (n=7 mice/group). \*p\<0.05 compared to vehicle, ^§^p\<0.05 compared to melatonin treated group. Bar, 50 µm.Fig. 4Fig. 5Regulation of Akt signaling pathways after (A) vehicle, and (B) melatonin treatments following ischemic-stroke. Akt is activated via its upstream kinase PDK1, while PTEN is a major negative regulator of Akt signaling. When phosphorylated, inhibitory effect of PTEN on PI3K/Akt is decreased. Activated Akt stimulates mTOR phosphorylation, which is a central regulator of cell metabolism, growth, proliferation and survival. Both Akt and mTOR are negative regulators of p53 phosphorylation. Here we demonstrated that melatonin activated Akt, PDK1, PTEN, mTOR and AMPKα phosphorylation. Furthermore, AMPKα was demonstrated to be activated via a PI3K independent pathway as it was not deactivated by IP3K inhibition. It is possible that AMPKα is activated by decreased ATP levels due to anabolic reactions stimulated by Akt and hypoxia. Therefore, phosphorylated AMPKα stimulates catabolic pathways to generate ATP from alternative pathways such as fatty acid oxidation. Moreover, melatonin activated RSK1 phosphorylation and reduced 4E-BP1, GSK-3α/β, S6 ribosomal protein and p53 phosphorylation. GSK-3α and GSK-3β are critical players in the activation of apoptosis. Both proteins are deactivated by phosphorylation of Akt and RSK1. GSK-3β is not only inhibited by Akt, but also provides a strong link between Akt and p53. Finally, reduced p53 phosphorylation resulted in decreased apoptosis. In addition, PRAS40 phosphorylation was slightly increased, whereas ERK-1/2 and Bad phosphorylation were decreased after melatonin treatment. Thus, our data provide evidence for how melatonin utilizes PI3K/Akt pathway to protect neurons after ischemia.Fig. 5
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